
Food Chemistry: X 17 (2023) 100600

Available online 11 February 2023
2590-1575/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Based on quality, energy consumption selecting optimal drying methods of 
mango slices and kinetics modelling 

Qiongni Lin a, Xinyan Zong a, Huixia Lin b, Xiaojun Huang a, Junqiao Wang a, Shaoping Nie a,* 

a State Key Laboratory of Food Science and Technology, Nanchang University,235 Nanjing East Road, Nanchang, Jiangxi Province 330047, China 
b College of Environment and Public Health, Xiamen Huaxia University, Xiamen 361024, China   

A R T I C L E  I N F O   

Keywords: 
Drying kinetics 
Temperatures 
Slice thicknesses 
Far-infrared drying 

A B S T R A C T   

Mangoes have a short shelf life because of their high-water content. This study aimed to compare the effect of 
three drying methods (HAD, FIRD and VFD) on mango slices to improve product quality and reduce costs. 
Mangoes were dried at various temperatures (50, 60, 70 ◦C) with different slice thicknesses (3, 5, 7, 10 mm). 
Results indicated that FIRD was the most cost-effective with the dried mango containing the highest sugar-acid 
ratio, and when the mango slices thickness was 7 mm and drying at 70 ◦C, the ascorbic acid content, rehydration 
ratio, sugar-acid ratio, and energy consumption per unit volume reached 56.84 ± 2.38 mg/100 g, 2.41 ± 0.05, 
83.87 ± 2.14, and 0.53 kWh/L. Among three mathematical models, the Page model described the most satis-
factory drying behaviour of mango slices in FIRD. This study provides useful information in mango processing 
industry and FIRD is supposed to be a promising drying method.   

1. Introduction 

Mango (Mangifera indica L.) cultivation has become an important 
characteristic agricultural industry in tropical regions. Mango is rich in 
fibre and high content of vitamin A and vitamin C, but low in calories 
(Yao, Fan, & Duan, 2020). Besides extrinsic factors, such as storage time 
and temperature, intrinsic factors, such as food composition, may lead to 
different chemical reactions in mango occurring during shelf-life 
(Wibowo, Buvé, Hendrickx, Van Loey, & Grauwet, 2018). Ripened 
mangoes are perishable and fresh mangoes are very sensitive to micro-
bial deterioration because of their high-water content. These lead to 
their short shelf life, and it is a considerable economical and factual issue 
(Dereje, Abera, & Yildiz, 2020; Sehrawat, Nema, & Kaur, 2018). 
Therefore, deep processing and preservation methods have been 
extensively pursued to expand the storage and consumption of fresh 
mangoes. 

Drying is one of the most typical and economic processing methods 
applied to reduce post-harvest product loss and increase the shelf life of 
products. This inhibits bacterial growth and hinders putrefaction re-
actions mainly attributed to the reduced moisture content (Dereje et al., 
2020; Kumar, Karim, & Joardder, 2014; Macedo, Vimercati, Araújo, 
Saraiva, & Teixeira, 2020). Traditional drying methods include drying in 
the sun or shade, which are time-consuming. Nowadays, many drying 

methods have emerged, such as hot-air drying (HAD), far-infrared dry-
ing (FIRD), vacuum-freeze drying (VFD) and microwave drying (Kaveh, 
Abbaspour-Gilandeh, Fatemi, & Chen, 2021). Product quality and en-
ergy consumption are two important aspects should be considered 
during drying (Kumar et al., 2014; Sehrawat et al., 2018). The quality of 
dried agricultural production is closely related to drying conditions such 
as drying temperature, duration and slice thickness. Rashidi, M. et al. 
(Rashidi, Amiri Chayjan, Ghasemi, & Ershadi, 2021) reported that the 
concentration of ascorbic acid is inversely related to drying temperature. 
Mugodo, K. and T.S. Workneh (Mugodo & Workneh, 2021) indicated 
that mango slices with a thinner thickness (3 mm) showed better per-
formance in retaining quality and structure due to the shorter exposure 
time in the air. On the other hand, the biggest obstacles to restricting the 
application and promotion of new drying methods in production prac-
tice are cost input and energy consumption (Huang & Zhang, 2015). 
Kaveh, M. et al. (Kaveh et al., 2021) dried agriculture production with 
seven drying methods (freeze, hot air-infrared, microwave, sun drying, 
etc.). It was observed that although freeze drying was the best way to 
preserve nutrients, its energy consumption was the highest due to the 
long drying duration. Akther et al. (Akther et al., 2021) determined the 
effects of different drying methods on the physicochemical properties of 
mango powder and observed that spray drying powder and cabinet 
drying powder are preferable in terms of producing high-quality 

* Corresponding author. 
E-mail address: spnie@ncu.edu.cn (S. Nie).  

Contents lists available at ScienceDirect 

Food Chemistry: X 

journal homepage: www.sciencedirect.com/journal/food-chemistry-x 

https://doi.org/10.1016/j.fochx.2023.100600 
Received 10 October 2022; Received in revised form 24 January 2023; Accepted 9 February 2023   

mailto:spnie@ncu.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2023.100600
https://doi.org/10.1016/j.fochx.2023.100600
https://doi.org/10.1016/j.fochx.2023.100600
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Food Chemistry: X 17 (2023) 100600

2

products compared to other drying methods. The drying of mango-based 
pulps and the rehydration properties of the resulting powders produced 
by cast-tape drying, freeze drying, and spray drying were also evaluated 
(Zotarelli, Durigon, da Silva, Hubinger, & Laurindo, 2022). 

Drying kinetics is to study the relationship between the amount of 
dehumidification and various factors in the drying process. They are 
influenced by the processing conditions such as drying temperature and 
duration, as well as the properties of the products such as thickness. One 
of the essential keys in drying method is the modelling of the drying 
process (Türkmen Erol, 2021). Drying kinetics evaluation helps to esti-
mate the drying rate, as well as to optimise drying parameters. Lewis, 
Page, Henderson, and other models have been used to predict the drying 
process of fruits and vegetables (Babalis, Papanicolaou, Kyriakis, & 
Belessiotis, 2006). Based on the model analysis, drying behaviour of 
various agricultural products, such as potatoes (Türkmen Erol, 2021), 
onions (Compaore et al., 2019), daylily (Wang, Yang, et al., 2021), ba-
nanas (Macedo et al., 2020) and persimmons (Zhao, Ameer, & Eun, 
2021), has been studied extensively. However, there are few studies on 
optimising the drying conditions of mango by detecting its quality, en-
ergy consumption, and establishing the corresponding drying kinetics. 

Globally, several studies on mango drying have been conducted 
(Dereje et al., 2020; Malaikritsanachalee, Choosri, & Choosri, 2020; 
Mugodo & Workneh, 2021; Sehrawat et al., 2018). However, this study 
is specific to certain drying conditions and has established the drying 
kinetics of certain drying methods. No literature compares how these 
methods (HAD, FIRD, VFD) affect the quality of the dried mango and 
established drying kinetics on the best drying method. This study aims to 
fill this current knowledge gap. The findings in the current work 
contribute to a better understanding of the effects of different drying 
conditions on product quality, energy consumption, and microstructure 
of mango, which is necessary for selecting suitable drying methods for 
mango drying. The results would guide practical application and useful 
information for mango process industry. 

2. Materials and methods 

2.1. Materials and reagents 

Twenty fresh fruits of Keitt mango were harvested from Sichuan 
Province, China, in October 2021. Standard compounds of ascorbic acid 
(purity ≥ 99.0 %) were obtained from Solarbio, China. Standard com-
pounds of D-(+)-glucose (purity ≥ 99.5 %) were obtained from Sigma- 
Aldrich, United States, and all the other reagents were of analytical 
grade. 

2.2. Sample pretreatment and drying processing 

The mangoes were cut into small slices after washing and peeling, 
and the slices with uniform length and width but in different thicknesses 
(3, 5, 7 and 10 mm) were selected for the following experiments. Mango 
slices with different thicknesses were dried using vacuum-freeze dryer 
(12 L vertical freeze dryer, Labconco company, American), hot-air 
drying oven (M53 blast drying oven, BINDER company, German), or 
far-infrared drying oven (DIR631C far-infrared heating furnace, Yamato 
company, American), respectively, under different drying temperatures 
(50, 60, and 70 ◦C). Dry processing was stopped when the moisture 
content reached 15 %. 

The ascorbic acid content, retention of soluble sugar content, sugar- 
acid ratio, rehydration ratio of the dried mango was detected at the 
condition that slice thickness was 3, 5, 7 and 10 mm. 

2.3. Determination of ascorbic acid Content, soluble sugar content and 
Sugar-Acid ratio 

Ascorbic acid was determined by the HPLC method reported by 
Silva, F.O. (Silva, 2005) with slight modification. Dried samples were 

added with 0.5 mL of 0.1 mM HCl, followed by adjusting the volume to 
10 mL, sonicating in an ultrasonic cleaner (SK7200BT, Shanghai Kedao, 
China) at 350 W, 35 kHz for 15 min, and centrifuging in a low-speed 
centrifuge (DL-5C, Shanghai Anting Scientific Instrument Factory, 
China) at 4,500 rpm, for 10 min. Then the supernatant was collected as 
the sample extracts. Different concentrations of ascorbic acid standard 
solution (0.88–12.50, μg/mL, the number of calibration points was 5) 
and sample extracts were filtered through a 0.45 μm membrane before 
HPLC analysis (Agilent 1260, Agilent company, American). A Diamonsil 
C18(2) column (250 × 4.6 mm i.d., 5 µm particle size, Dikma, China) 
was used for chromatographic separation at the temperature of 30 ◦C. 
The mobile phase was a mixture of 0.1 mol/L ammonium formate 
aqueous solution and methanol (75:25, v/v), and the flow rate was 1.0 
mL/min and aliquots of 10 µL were injected. The UV detection was 
operated at 254 nm (the calibration curve was y = 96.437x-24.403 R2 =

0.9999). All injections were repeated three times to ensure 
reproducibility. 

The soluble sugar content of mango slices before and after drying was 
determined by 3,5-dinitrosalicylic acid colorimetric method (Yu et al., 
2020). The samples were hydrolysed with 1.0 mL of 6 M HCl at 80 ◦C for 
10 min. After cooling, the pH of all samples was neutralised with 6 M 
NaOH then distilled water for constant volume. The sample solution 
(1.0 mL) was mixed with 3,5-dinitrosalicylic acid reagent. The mixture 
was heated for 5 min in a boiling water bath, and the absorbance was 
measured at 540 nm (the number of calibration points was 7 and the 
calibration curve was y = 0.9192x-0.0444 R2 = 0.9999). The soluble 
sugar content retention was calculated as the ratio of the soluble sugar 
content of fresh mango to dried mango slices. Titratable acid content 
was determined by acid-base indicator titration (Macedo et al., 2020). 
Sugar-acid ratio was calculated as the ratio of soluble sugar content to 
titratable acid content. 

2.4. Determination of rehydration ratio 

The rehydration ratio was determined based on the method reported 
by Joseph Bassey, E. et al. (Joseph Bassey, Cheng, & Sun, 2022) with 
slight modifications. Briefly, 1 g of dried mango slices were immersed in 
50 mL distilled water maintained at a temperature of 50 ◦C for 50 min. 

2.5. Scanning electron microscopy (SEM) observation 

The microstructure of dried mango slices was observed using a 
scanning electron microscope (JEOL, JSM-5800, Hitachi, Japan) 
following the procedure described by Wang et al. (Wang, Han, Huang, 
and Shi, 2021). The samples of different drying methods were fixed on 
the aluminium specimen holder with double graphite tapes. The films 
were sputtered with gold particles and observed under SEM, and XT 
Microscope Control software was used to collect a map with a magni-
fication of 2000×. 

2.6. Drying kinetics 

2.6.1. Determination of moisture content and moisture ratio 
Drying kinetics was analyzed based on the change in moisture ratio 

with time, which was an estimation of moisture loss per unit time. For 
the drying processing of the sample to establish drying kinetics, the 
thickness of mango slices was 3, 5, 7, and 10 mm, respectively, and 
mango slices of uniform size were used for the experiments. The samples 
were dried in a hot-air drying oven and a far-infrared drying oven 
(drying temperature was 50, 60, 70 ◦C). The weight of the sample was 
measured at 20, 40, 60, 80, 100, 120, 150, 180 min, etc., respectively. 
And vacuum-freeze dried samples were taken out at 12, 24, 36, 48, 60, 
72 h, respectively. 

The moisture content was calculated according to Eq. (1). Moisture 
ratio (MR) was calculated according to Eq. (2) (Diamante & Munro, 
1993). Equilibrium moisture content (Ce) was the status of neither 
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absorbing nor losing moisture, compared to the initial moisture content 
(C0) and instantaneous moisture content (Ct). So, Eq. (2) could be 
simplified to Eq. (3). 

Moisture Content =
mt − m

m
(1)  

MR =
Ct − Ce

C0 − Ce
(2)  

MR =
Ct

C0
(3)  

mt was the mass of the sample at time t.m was the mass of dry matter. 

2.6.2. Drying kinetic model 
Three mathematical models (Henderson and Pabis model, Newton 

model, Page model) (Kaur, Kaur, & Sidhu, 2022; Macedo et al., 2020; 
Türkmen Erol, 2021) for the optimal drying method were conducted to 
predict the drying characteristics. Three drying kinetic models were 
tested as follows (Babalis et al., 2006): 

Henderson and Pabis model : MR = ae− kt (4)  

Newton model : MR = e− kt (5)  

Page model : MR = e− ktn (6)  

Where t was drying duration; a, k, n were undetermined coefficients. 
For the convenience of analysis, the logarithm of the Henderson and 

Pabis model, the Newton model, and the Page model was taken 
respectively to obtain a linear model, as shown in Eq. (7), Eq. (8), and 
Eq. (9). 

lnMR = lna - kt (7)  

lnMR = - kt (8)  

ln( - lnMR) = lnk+ nlnt (9) 

Therefore, the -ln MR ~ t relationship curves and the ln (-ln MR) ~ ln 
t relationship curves of different mango slice thicknesses and drying 
temperatures were plotted respectively. The slope n and intercept ln k of 
the fitted would be calculated by the fitted curve according to Eqs. (10) 
and (11), respectively. 

lnk = a+ bT + cT2 + dH + eH2 (10)  

n = f + gT + hT2 + iH + jH2 (11)  

where H was the thickness of mango slices; T was drying temperature; a, 
b, c, d, e, f, g, h, i, j were undetermined coefficients. 

The model was evaluated by RSS (residual sum of squares), TSS (total 
sum of squares), RMSE (root mean square error), R2 and χ2 (chi-square). 

RSS =
∑n

i=1
(MRexp,i − MRpre,i)

2 (12)  

TSS =
∑n

i=1
(MRexp,i − (

1
n
)
∑N

i=1
MRexp,i)

2 (13)  

RMSE =

[
1
N

∑N

i=1
(MRpred,i − MRexp,i)

2

]1/2

(14)  

R2 = 1 −
∑n

i=1(MRexp,i − MRpre,i)
2

∑n
i=1(MRexp,i − (1

n)
∑N

i=1MRpre,i)
2 (15)  

χ2 =

∑n
i=1(MRexp,i − MRpre,i)

2

N
(16)  

2.7. Statistical analysis 

All data were expressed as mean ± standard deviation with triple 
measurements, and they were analyzed by ANOVA and Duncan’s 
multiple-range test using SPSS statistics software (version 25). Origin 
software (version 9.0) was used for graphic drawing. Model fitting was 
analyzed with MATLAB (version 2018a). Statistical significance for 
differences was tested at 5 % probability level (p < 0.05). 

3. Results and discussion 

3.1. Changes in the ascorbic acid content of mango slices 

Drying temperature had a significant effect on the ascorbic acid 
content of mango slices in the same slice thickness (Table 1). From the 
result of FIRD with a slice thickness of 7 mm, the ascorbic acid content of 
the drying temperature at 50, 60, 70 ◦C was 69.03 ± 3.47, 62.18 ± 1.60, 
56.84 ± 2.38 (mg/100 g), respectively, significantly decreased with 
increasing drying temperature. It was acknowledged that ascorbic acid 
was sensitive to environmental conditions, such as oxygen, temperature, 
light. A similar finding was shown using HAD, indicating that ascorbic 
acid was heat-sensitive and degraded in aerobic conditions easily 
(Senem et al., 2015), which was consist with the findings reported by 
Rashidi et al. (Rashidi et al., 2021). According to the report of Smuda 
and Glomb (Smuda & Glomb, 2013), around 75 % of the Maillard 
induced decomposition of the ascorbic acid. 

Meanwhile, the ascorbic acid level was also compared over different 
slice thicknesses. Under FIRD with mango slices thickness was 3, 5, 7, 10 
mm and dried at 70 ◦C, ascorbic acid content was 42.68 ± 1.35, 49.49 ±
2.41, 56.84 ± 2.38, 56.93 ± 2.22 (mg/100 g), respectively (Table 1). 
This indicated that mango slice thickness was positively related to the 
ascorbic acid content of the mango. A similar trend was also observed 
using HAD. This may be because the thinner mango slice thickness was, 
the specific surface area was higher, and thus lose more ascorbic acid 
(Qadri & Srivastava, 2017). For VFD, no significant (p > 0.05) difference 
between the mango slice thickness and ascorbic acid content was 
observed, this may be attributed to this processing operated under 
relatively low temperatures. 

Different drying techniques also had a significant effect on the 
ascorbic acid (p < 0.05). The ascorbic acid dried by VFD had greater 

Table 1 
The ascorbic acid content of different mango slices at different drying 
temperatures.  

Slice 
thickness/mm 

Drying 
temperature/oC 

ascorbic acid content/mg/100 g 

FIRD HAD VFD 

3 70 42.68 ±
1.35c 

36.85 ±
1.34b 

91.04 ±
4.90a 

5 70 49.49 ±
2.41b 

45.83 ±
3.37a 

80.56 ±
1.79a 

7 50 69.03 ±
3.47A 

57.48 ±
2.30A 

86.54 ±
13.60a 

60 62.18 ±
1.60B 

50.80 ±
4.11B  

70 56.84 ±
2.38aC 

43.73 ±
1.06aC  

10 70 56.93 ±
2.22a 

46.24 ±
2.48a 

79.34 ±
2.81a 

Note: Data were expressed as the mean ± standard deviation (n = 3). Different 
capital letters (A, B, C) in the same column indicated ascorbic acid content had a 
significant difference at different drying temperatures (p < 0.05). Different 
lowercase letters (a, b, c) in the same column indicate ascorbic acid content had 
a significant difference with different slice thicknesses (p < 0.05). 
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retention than FIRD or HAD. The ascorbic acid content of the mango 
dried by HAD slumped about 13 mg/100 g and 42 mg/100 g compared 
with those dried by FIRD and VFD with a slice thickness of 7 mm at the 
temperature of 70 ◦C. These results may be attributed to the fact that the 
mango slices dried by FIRD had a higher drying efficiency than HAD at 
similar drying conditions resulting in less contact with oxygen in the air 
(Stuart & Wills, 2003). 

3.2. Changes in the retention of soluble sugar content and sugar-acid ratio 
of mango slices 

Sugars and acids of mango were extremely significant compounds, 
which had a great impact on the overall organoleptic quality of the 
mango (Li et al., 2021). The soluble sugar content of mango slices at 
50 ◦C was significantly higher (p < 0.05) than those at 60 ◦C and 70 ◦C in 
both FIRD and HAD (Table S1). This was probably because Maillard 
reaction between reducing sugar, such as glucose and fructose, and 
amino acids or protein during food processing may take place, and thus 
resulted in macronutrients loss especially at a high temperature for a 
long time (Abano, Amoah, & Opoku, 2019; Lyu et al., 2017). The 
titratable acid content of mango slices showed the same result 
(Table S1). The acid in mango slices could be volatile and even undergo 
oxidative degradation at a high temperature during the drying process 
(Stuart & Wills, 2003). The rise noted in the soluble sugar content 
retention might be attributed to the hydrolysis of carbohydrates by the 
acids (Grohmann, Cameron, & Buslig, 1995; Mesa et al., 2016). The 
sugar-acid ratio was calculated and found using HAD and FIRD, that the 
sugar-acid ratio at 50 ◦C was lower than 60 ◦C or 70 ◦C with a mango 
slice thickness of 7 mm (Table 2). 

In this study, the soluble sugar level was also observed over the slice 
thickness of mango. The soluble sugar content of mango increased with 
slice thickness, while its titratable acid content decreased (Table S2). 
Under FIRD with a mango slice thickness of 3, 5, 7, 10 mm and dried at 
70 ◦C, the retention of soluble sugar content was 72.82 ± 0.02, 78.50 ±
0.01, 78.41 ± 0.02, 78.23 ± 0.03(%), respectively (Table 2), positively 
associated with the slice thickness. The sugar-acid ratio was calculated 
and it could be seen that the sugar-acid ratio using HAD or FIRD with 
thicker slice thickness was higher (Table 2). It was speculated that the 
thinner thickness of mango slices, the higher probability of CO2 in the air 
may be reacted with the mango during drying (Amoriello, Ciccoritti, 
Paliotta, & Carbone, 2018; Coenye et al., 2020). 

In addition, soluble sugars were also found to be affected by different 
drying methods (p < 0.05), with VFD having higher soluble sugar con-
tent than FIRD or HAD. The titratable acid using VFD was also higher 
than FIRD or HAD at the same drying condition. This was probably due 
to the thermal decomposition of heat-sensitive compounds when using 
FIRD or HAD (Kayacan et al., 2020). However, it was interesting to note 
that, using FIRD, sugar-acid ratio was the highest compared with HAD or 
VFD (Table 2). The lowest titratable acid of FIRD mango could be the 
reason for these changes. 

3.3. Comparison of rehydration ratio 

The rehydration ratio represents the damage to the internal cell 
structure of mango slices under different drying conditions (Sehrawat 
et al., 2018). The results of mango slices rehydration ratio in different 
dry temperatures and slice thicknesses were summarised in Table 3. The 
rehydration ratios were significantly higher (p < 0.05) at 50 ◦C than at 
60 ◦C or 70 ◦C. This was probably because as the drying temperature 
decreased, the matrix structure in the mango slices was better main-
tained, and thus this promoted water reabsorption. For mangos dried by 
FIRD, HAD and VFD in different slice thicknesses (3, 5, 7, 10 mm) at 
70 ◦C, the rehydration ratios varied from 2.20 ± 0.02 to 2.41 ± 0.07, 
2.00 ± 0.02 to 2.36 ± 0.16 and 2.86 ± 0.09 to 2.88 ± 0.11, also showed 
a positive correlation with slice thickness between 3, 5 mm and 7, 9 mm 
in FIRD and HAD, respectively. It was also observed that the rehydration 
using VFD was significantly higher (p < 0.05) than those for mangoes 
using HAD or FIRD. This was probably because VFD would maintain 
mango slices a well internal cell structure (Kaur, Kumar, Gupta, & 
Kumar, 2017). FIRD dried mango achieved a higher rehydration ca-
pacity than HAD, which could be attributed to sealed surface capillaries 
caused by long drying duration (Xu et al., 2020). 

3.4. Energy consumption 

Energy consumption was one of the critical factors for the selection 
of suitable drying methods as it was linked to the cost of drying. As listed 
in Table 4, the energy consumption per unit volume was from 0.05 to 
0.34 kWh/L, 0.24 to 1.57 kWh/L and 4.0 to 20.0 kWh/L using HAD, 
FIRD and VFD, respectively. The rise of the drying temperature or 
decrease in mango slice thickness would reduce the energy consumption 

Table 2 
The retention of soluble sugar content and the sugar-acid ratio of different mango slices at different drying temperatures.  

Slice Thickness/mm Drying Temperature/oC retention of soluble sugar content/% sugar-acid ratio 

FIRD HAD VFD FIRD HAD VFD 

3 70 72.82 ± 0.02b 70.21 ± 0.02b 93.15 ± 0.00a 62.98 ± 1.60c 62.34 ± 1.62c 45.38 ± 0.44a 

5 70 78.50 ± 0.01a 76.60 ± 0.02a 89.58 ± 0.02a 73.13 ± 0.70b 67.65 ± 1.58c 44.43 ± 0.81a 

7 50 82.75 ± 0.02A 79.43 ± 0.02A 82.82 ± 0.04b 73.81 ± 1.59B 71.75 ± 1.99B 42.30 ± 0.41b 

60 78.30 ± 0.01B 74.11 ± 0.00B 83.11 ± 0.81A 80.14 ± 0.40A 

70 78.41 ± 0.02aB 74.36 ± 0.01aB 83.87 ± 2.14bA 80.48 ± 1.22bA 

10 70 78.23 ± 0.03a 77.48 ± 0.03a 76.85 ± 0.04c 139.70 ± 6.23a 131.83 ± 4.28a 40.99 ± 0.87c 

Note: Data were expressed as the mean ± standard deviation (n = 3). Different capital letters (A, B, C) in the same column indicated the retention of soluble sugar 
content had a significant difference at different drying temperatures (p < 0.05). Different lowercase letters (a, b, c) in the same column indicate the retention of soluble 
sugar content had a significant difference with different slice thicknesses (p < 0.05). 

Table 3 
The rehydration ratio of different mango slices at different drying temperatures.  

Slice Thickness/ 
mm 

Drying 
Temperature/oC 

FIRD HAD VFD 

3 70 2.20 ±
0.02b 

2.00 ±
0.02b 

2.88 ±
0.04a 

5 70 2.22 ±
0.01b 

2.12 ±
0.04b 

2.86 ±
0.18a 

7 50 2.78 ±
0.05A 

2.63 ±
0.04A 

2.86 ±
0.09a 

60 2.49 ±
0.10B 

2.34 ±
0.11B  

70 2.41 ±
0.05aB 

2.34 ±
0.12aB  

10 70 2.41 ±
0.07a 

2.36 ±
0.16a 

2.88 ±
0.11a 

Note: Data were expressed as the mean ± standard deviation (n = 3). Different 
capital letters (A, B, C) in the same column indicated rehydration ratio had a 
significant difference at different drying temperatures (p < 0.05). Different 
lowercase letters (a, b, c) in the same column indicate rehydration ratio had a 
significant difference with different slice thicknesses (p < 0.05). 
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due to shorter drying time when moisture content reached about 15 % 
(Motevali & Tabatabaee Koloor, 2017). Compared with the three drying 
methods, HAD consumed the lowest energy consumption per unit vol-
ume, and VFD was the highest. This was because HAD or FIRD increased 
the thermal gradient and accelerated moisture removal from the 
mangoes, thus resulting in shorter drying time and lower consumption 
of energy (Saifullah, McCullum, McCluskey, & Vuong, 2019). 

3.5. Microstructure analysis 

The effect of various drying methods on the microstructure of dried 
mango slices was examined by SEM. The microstructure was an 
important aspect reflecting the performance of the drying method in 
understanding the underlying cellular mechanisms (Karunasena et al., 
2014), and specific degrees of damage to mango tissue could also be 
indicated by SEM (Mugodo & Workneh, 2021). From Fig. 1, two small 
and neat pore holes were observed in VFD samples. Such massive and 
tiny pores caused a high specific surface area, loose and porous 

structure, which could be attributed to a large vapor pressure between 
the frozen mango slices and the surrounding environment in vacuum 
drying conditions (Carmen, Vaclav, José Gerardo, Galal, & Karim, 
2014). HAD mango slices were dried under a high temperature and need 
a long drying duration, so their texture showed more compact to a 
greater extent, which was consist with reported by Deng et al. (Deng 
et al., 2017). FIRD samples were shown as smooth surfaces with some 
irregular pores. This might be due to the much higher evaporation rate 
of internal water than that of the water migrating from the interior to the 
exterior, leading to a more compact layer close to the surface of the dried 
samples (Khampakool, Soisungwan, & Park, 2019; Yao et al., 2020). 

3.6. Drying kinetics 

Developing a drying model was crucial to predicting drying process 
parameters and researching the variation law of drying. Taking both 
mango overall quality and energy consumption into consideration, FIRD 
was selected to further evaluate the drying kinetics of mango slices in 

Table 4 
Energy consumption of different drying methods.  

Energy consumption 
parameters 

Power/ 
kW 

Effective Volume/ 
L 

Drying 
temperature 
/oC 

Slice thickness/ 
mm 

Drying duration/ 
h 

Energy consumption per unit volume/ 
kWh/L * 

Far-Infrared Drying Oven 10 70 50 3  3.2  0.46 
5  4.5  0.64 
7  8.0  1.17 
10  11.0  1.57 

60 3  2.0  0.29 
5  3.7  0.53 
7  5.0  0.71 
10  6.5  0.93 

70 3  1.7  0.24 
5  2.3  0.33 
7  3.7  0.53 
10  5.3  0.76 

Hot-Air Drying Oven 1.2 53 50 3  6.0  0.14 
5  9.0  0.20 
7  12.0  0.27 
10  15.0  0.34 

60 3  2.5  0.06 
5  4.5  0.10 
7  7.0  0.17 
10  9.0  0.20 

70 3  2.2  0.05 
5  3.5  0.08 
7  4.5  0.10 
10  6.0  0.14 

Vacuum-Freeze Dryer 2 6 / 3  12.0  4.0 
5  24.0  8.0 
7  48.0  16.0 
10  60.0  20.0 

*Energy consumption per unit volume was the ratio of the product of the power and drying duration to the effective volume with every drying method. 
/VFD had no temperature change. 

Fig. 1. Appearance of three drying methods (The images were VFD(a), FIRD(b), HAD(c) mango slices, which drying temperature of FIRD and HAD was 70 ◦C and 
slice thickness was 7 mm; the magnification was 2000X). 
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terms of drying temperature, drying duration and mango slice thickness. 
The -ln MR ~ t curves and ln (-ln MR) ~ ln t curves of different slice 

thicknesses and different drying temperatures were calculated. From 
Fig. 2 and Table S3, the R2 of ln (-ln MR) ~ ln t curves were higher than 
the corresponding R2 of -ln MR ~ t curves, indicating a higher fit for 
each drying temperature and slice thickness in the ln (-ln MR) ~ ln t 
curves. Three different mathematical models, Henderson and Pabis, 
Newton and Page model were used to describe the drying behaviour of 
mango samples using the non-linear regression analysis method, and a 
regression equation was obtained by using MATLAB software. As shown 
in Table S4, among the three mathematical models, Page model equa-
tions represented the drying kinetics of mango with high R2 (>0.980), 
TSS values (>23.958) and lower RSS (<0.468), χ2(<0.036) and RMSE 
(<0.060) values. Therefore, the Page model was selected as not only the 
most appropriate model to describe the drying process of mango slices 
but also could accurately reflect the FIRD processing between slice 
thicknesses and drying temperatures. 

4. Conclusion 

Considering mango quality and production efficiency, FIRD appears 
to be a better alternative for drying mango slices on a large-scale. Drying 
temperature of 70 ◦C and slice thickness of 7 mm showed higher 
retention of sugar acid ratio and energy consumption per unit volume. 
Three drying kinetics, the Henderson and Pabis model, Newton model 
and Page model of FIRD were developed, and the Page model was the 
best-fitted theoretical model to reflect the drying behaviour of mango 
slices. The current findings provide a better understanding of choosing 
appropriate drying conditions for mango to tackle the problem of 
postharvest loss and seasonal availability. Future studies can focus on 
extending FIRD applications to other foods, applying the drying kinetic 
to the drying process, and scaling up laboratory results for industrial 
applications. With further research and developments, it is hoped that 
the technology should become one of the dominant drying methods for 
the food industry in the future. 

Fig. 2. The relationship between the -ln MR and t (the intercept was zero) of dried mango slices with different slice thicknesses with FIRD temperature were set as 
50 ◦C (a), 60 ◦C (b), 70 ◦C (c); the relationship between the -ln MR and t of dried mango slices with different slice thickness with FIRD temperature was set as 50 ◦C 
(d), 60 ◦C (e), 70 ◦C (f) and the relationship between the ln (-ln MR) and ln t of dried mango slices with different slice thickness with FIRD temperature was 50 ◦C (g), 
60 ◦C (h), 70 ◦C (i). 
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